The maintenance of specific gene expression patterns during cellular proliferation is crucial for the identity of every cell type and the development of tissues in multicellular organisms. Such a cellular memory function is conveyed by the complex interplay of the Polycomb and Trithorax groups of proteins (PcG/TrxG). These proteins exert their function at the level of chromatin by establishing and maintaining repressed (PcG) and active (TrxG) chromatin domains. Past studies indicated that a core PcG protein complex is potentially associated with cell type or even cell stage-specific sets of accessory proteins. In order to better understand the dynamic aspects underlying PcG composition and function we have established an inducible version of the biotinylation tagging approach to purify Polycomb and associated factors from Drosophila embryos. This system enabled fast and efficient isolation of Polycomb containing complexes under near physiological conditions, thereby preserving substoichiometric interactions. Novel interacting proteins were identified by highly sensitive mass spectrometric analysis. We found many TrxG related proteins, suggesting a previously unrecognized extent of molecular interaction of the two counteracting chromatin regulatory protein groups. Furthermore, our analysis revealed an association of PcG protein complexes with the cohesin complex and showed that Polycomb-dependent silencing of a transgenic reporter depends on cohesin function.
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biotagging | BirA | pairing-sensitive silencing | proteomics P olycomb group (PcG) proteins maintain repressed states of gene expression, while Trithorax group (TrxG) proteins counteract silencing and maintain active states in a heritable manner during development. These regulators play important roles in epigenetic processes such as stem cell maintenance, genomic imprinting, and X chromosome inactivation (reviewed in refs. 1 and 2). PcG/TrxG proteins confer their transcriptional function through cis-regulatory elements (PREs), which are composite sequences containing complex sets of conserved short motifs recognized by known DNA-binding proteins (3) . PcG silencing depends primarily on the activities of Polycomb Repressive Complex 1 and 2 (PRC1 and PRC2). Additionally, PhoRC, containing as key factor the Pho protein, is involved in the recruitment of PRC1 and PRC2 to PREs (4) . PcG silencing of target genes is likely to be cell lineage-specific; little is known about the tissuespecific assembly and distribution of PcG complexes and how they are recruited to PREs in particular cell lineages, however.
In this work, we established the in vivo biotinylation tagging approach in transgenic Drosophila. The system is based on the bacterial BirA biotin ligase, which recognizes and biotinylates a short 23aa peptide termed BioTag, allowing subsequent high stringency streptavidin affinity chromatography for purification of bait proteins (Fig. 1A) . Biotin tagging has been used for purification of proteins and protein complexes in yeast, insect cells, and mice (5) (6) (7) (8) (9) . Furthermore, the approach has been extended to BioChIP-Chip applications to characterize the genome-wide distribution of histones, transcription factors, and chromatin-binding proteins (10) (11) (12) (13) . As an extension of the methodology, we report here biotinylation in the fruit fly by combining biotinylation tagging with the versatile Gal4/UAS system for BirA expression (14) . We use the system to identify partners of the PRC1 component Polycomb (Pc) by MS, revealing many previously unrecognized interactors. This strategy opens the perspective for cell type-specific protein purification experiments by using tissue-specific BirA driver lines.
Results

Establishment of in Vivo Inducible Biotinylation Tagging in Transgenic
Drosophila. To produce a Pc-BioTag fusion protein we used a genomic Pc clone containing the Pc promoter and further regulatory sequences resulting in a transgene that mimics expression of the endogenous gene (15) (Fig. 1A) . To complete the in vivo tagging system we cloned BirA cDNA into pUAS vectors for Gal4 inducible expression and generated transgenic Drosophila (Table S1 ).
The Pc-Bio fusion gene produces a functional Pc protein as judged by three independent tests: First, Pc-Bio had the same elution profile as Pc when nuclear extracts were assayed by gel filtration chromatography, indicating that the fusion protein was incorporated into corresponding Pc complexes (Fig. 4E) . Second, we consistently observed down-regulation of the endogenous protein upon expression of the fusion construct, indicating that Pc-Bio feeds back on the expression of endogenous Pc (Fig. 1B) . Third, we directly tested for protein functionality by introducing Pc-Bio into the genetic background of animals with transheterozygous combinations of the lethal alleles Pc 1 , Pc 3 , and Pc XL5 . Embryonic lethality was successfully rescued, indicating that the Pc-Bio fusion protein can substitute for its wild-type counterpart (Fig. S1 ).
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In order to evaluate biotinylation of Pc-Bio, we combined the ubiquitous daughterless-Gal4 driver (da-Gal4) with BirA and Pc-Bio. After pull-down of biotinylated proteins from embryonic extracts with streptavidin beads, we analyzed depletion of Pc-Bio from input (IN) nuclear extracts (NE) by comparing them to equal loads of unbound (UB) fractions on Western blots and estimated that approximately 65% of Pc-Bio becomes biotinylated after da-Gal4 induction of BirA and can be pulled down by streptavidin (Fig. 1B) . However, prolonged exposure of Western blots revealed also weak signals after streptavidin pull-down from controls lacking Gal4 induction. In comparison to da-Gal4 induced lines, this signal was 44-fold lower (Fig. 1C) . Because lines lacking UAS-BirA do not show any detectable biotinylation, this background biotinylation is caused by leaky expression of BirA from the UAS construct (Fig. 1D) . In summary, Gal4 induction of BirA ligase leads to efficient biotinylation of Pc-Bio significantly above uninduced controls.
Purification of Pc-Bio Reveals Previously Undescribed Interaction
Partners. We used the in vivo biotinylation system to identify previously undescribed interaction partners of Pc. The PRC1 complex has previously been purified employing a combination of ion exchange-, affinity-, and size-exclusion chromatography using Flag-tagged Ph as bait (16, 17) . Here, we optimized our strategy toward identification of weakly associated interaction partners by avoiding multiple chromatography steps. A major obstacle for purification of biotinylated bait proteins is their separation from endogenously biotinylated proteins. We solved this problem by introducing a TEV protease cleavage site between the bait protein and the C-terminally located BioTag, allowing to specifically cleave off immobilized Pc-Bio from streptavidin beads leaving endogenously biotinylated proteins bound to the beads (Fig. S2 ). Parallel purification of control preparations lacking the BioTag (untagged) or missing da-Gal4 induction (uninduced) enabled us to identify BioTag-specific entities. Eluates were separated by electrophoresis and Western blots were performed with antibodies against all PRC1 core components confirming their specific copurification with the bait protein ( Fig. 2A) . Silver staining indicated the complexity of the final protein sample including the corresponding controls (Fig. 2B ). Proteins were in-gel digested with trypsin, and peptides were analyzed by nanoelectrospray tandem mass spectrometry. We obtained a list of 454 copurifying proteins for our BioTag test sample, excluding keratin (Fig. 2C ). To distinguish specific interacting proteins from unspecific contaminants, we first removed all proteins that copurified in the untagged control, except for Pc and dRing, due to strong enrichments over this control. Leaky BirA expression led to low-level enrichments of specific Pc-interaction partners in the uninduced control. Thus only proteins were kept in the hit list that were at least twofold enriched over the uninduced control. Of the remaining 92 proteins, exclusion of all proteins identified with less than four peptides total (see Fig. S3 for estimation of cutoff) led to a final hit list of 20 proteins, specifically enriched in the sample over controls ( Fig. 2C and Fig. 3 ). As expected, PRC1 core components Psc, Ph-p, Ph-d, dRing, Su(z)2 and Pc rank highest in the list of identified proteins, demonstrating that our approach is capable of identifying true Pc-interacting proteins. One class of previously found interactors consists of DNAbinding proteins that have been linked to PcG silencing, like Pho and dSfmbt, which form the PhoRC complex (18) . We verified the interaction of Pc with Pho by streptavidin pull-down, IP, and Gel filtration experiments (Fig. 4 A-C and E). Grainyhead (Grh), another DNA-binding protein, has previously been reported to associate with the dRing subunit of PRC1, enhancing Pho's recruitment to DNA (19) . Additionally, we find other candidate proteins interacting that show DNA-binding activity such as the TrxG protein Female sterile homeotic (Fs(1)h) (Fig. 4A) . Fs(1)h was previously reported to bind to Zeste motifs upstream of the Ubx gene supporting Ubx expression (20) . Another protein with a putative DNA-binding domain is the histone acetyltransferase (HAT) Enoki mushroom (Enok) of the MYST family. Its unique HAT domain is conserved in the vertebrate proteins Moz and Morf, where it forms complexes with Eaf6 and Brpf1-3 (21, 22) . The fact that we also detect the Drosophila homologues Eaf6 and CG1845 (23) suggests that formation of the Moz/ Morf HAT complex identified in mammalian cells may also be conserved in Drosophila and potentially linked to PcG silencing.
An interesting class of Pc-interacting proteins has functions in ubiquitination pathways. Pc interacts with Roadkill (Rdx), which belongs to a family of substrate-specific adaptors for Cullin3-based E3 ubiquitin ligases required for targeting of proteins for degradation (24) . Similarly, the F-box containing protein Ebi is specifically enriched in the BioTag sample. For example, Ebi is involved in substrate selection for E3-dependent proteasomal degradation during neuronal differentiation (25) . To verify the suggested physical interactions, we performed genetic validation experiments. Pc 1 and Pc 3 mutant alleles show an extra sex combs phenotype, which is strongly suppressed when combined with rdx or ebi mutant alleles (Fig. 5A ). Taken together with the fact that Rdx and Ebi are copurifying with Pc, these results suggest a direct role for Rdx and Ebi in the Pc-dependent control of homeotic gene transcription by counteracting PcG silencing, a typical feature of genes of the TrxG.
Pc Interacts with the Cohesin Complex. The strongest Pc-interactors besides PRC1 core proteins were obtained for the structural maintenance of chromatin proteins Smc1 and Smc3 (Fig. 3) . Smc1 and Smc3 are best known for their role in sister chromatid cohesion, where they associate with a third protein called Rad21/ SCC1 to form a tripartite, ring-shaped protein complex called cohesin (reviewed in ref. 26 ). The fact that we also identified Rad21/SCC1 as an interaction partner of Pc further substantiated the previously unrecognized physical interaction between PRC1 and cohesin. Besides its role in sister chromatid cohesion there is accumulating evidence from multiple organisms that cohesin and associated factors have diverse roles in gene regulation, organization of chromatin structure and development (27, 28) . One example is the genetic interaction of Rad21 with TrxG mutations in Drosophila (29) . In addition, we show that the Rad21ex3 and (A) Western blot analysis after streptavidin PD of 7.5 mg of NE using antibodies against Rad21, Pho, dSfmbt, and Fs(1)h. In the following Co-IPs, 1 mg of NE was used as IN and 50% of the PD eluates were loaded to the gels. (B) Wild-type nuclear extracts were immunoprecipitated with Pho antibody. Immunoblotting revealed copurification of dSfmbt and Pc. (C) Wild-type nuclear extracts were immunoprecipitated with Pc antibody. Immunoblotting revealed copurification of Pho as well as the three core cohesin complex members Rad21, Smc3, and Smc1. (D) Coimmunoprecipitation experiments using nuclear extract from flies expressing myc-tagged Rad21, which was captured on myc-sepharose. Immunoblotting revealed copurification of Smc1, Pc, dRING, and Psc. (E) Gel filtration chromatography on a Superose 6 column for size estimation of the fly cohesin complex and comparison to the elution profile of PcG proteins. The Pc profile shows multiple peaks of which the middle peak coelutes with cohesin at about 1-1.5 MD.
vtd4 alleles also genetically interact with Polycomb by suppression of the Pc4 extra sex combs phenotype. In case of the Rad21ex3 allele, this effect is clearly specific to the truncated Rad21 gene as expression of full length myc-tagged Rad21 rescues the extra sex combs phenotype (Fig. S4) . In order to further validate the biochemical interaction of Pc with cohesin subunits, we performed a series of immunoprecipitation experiments using embryonic extracts, confirming interaction of all cohesin components with the endogenous Pc protein in wild-type extracts (Fig. 4 A, C , and D). We also generated samples from animals expressing myc-tagged Rad21 in a Rad21 mutant background (27) and confirmed interaction of Rad21 with Pc. To further explore this biochemical association, we separated embryonic nuclear extract on a Superose 6 gel filtration column and followed the elution of Rad21, Smc1, and Pc (Fig. 4E) . As expected, Rad21 and Smc1 elute together as one large complex corresponding to a mass of about 1-1.5 MD. Consistent with a previous study (30) , Pc fractionates in at least three peaks. Most interestingly for our work, the middle peak was found to coelute with the cohesin complex. Taken together with the IP results, these findings support a physical interaction between a specific subgroup of PcG complexes and the cohesin complex.
The genome-wide binding profiles of cohesin in Drosophila, humans, and mouse cells reveal a bias for binding to 5′-untranslated regions of active genes as well as exclusion from H3K27me3 domains. Due to the fact that Pc-binding largely coincides with H3K27me3, coimmunostainings of polytene chromosomes for Pc and Rad21 are in agreement with these previous studies showing that these two proteins do not colocalize (Fig. S5) . This suggests that the reported biochemical interaction of cohesins and Pc either does not take place on chromatin of salivary gland cells or might be restricted to early embryonic stages. Furthermore, removal of Rad21 from polytene chromosomes does not alter Pc distribution, rendering a role in recruiting Pc to chromatin unlikely in this tissue (Fig. S5) .
To further test a potential functional link we checked the role of cohesin in pairing sensitive silencing, a phenomenon characteristic of PcG mediated repression in Drosophila. Insertion of a PRE next to a miniwhite reporter gene induces partial silencing of the transgene in heterozygous flies and results in reduced red eye color in adult flies (31) . Homozygous flies show a much stronger silencing of the reporter gene. This phenomenon depends on pairing of homologous PREs on two somatic chromosomes and is referred to as pairing-sensitive silencing (PSS). Mutations in PcG genes lead to loss of PSS. The degree of PSS and its dependency on PcG proteins varies considerably with the location of the transgene insertion site in the genome. Pairing of homologous chromosomes is a fundamental function of nuclear organization especially in dipteran insects. In other species, it has often been observed during meiosis and sometimes affecting mitotic chromatin (32) . Interestingly, cohesin is known to be essential for pairing of meiotic sister chromosomes, which is furthermore required for pairing of homologous chromosomes thus connecting these two processes. Mutations in cohesin proteins lead to loss of pairing and aberrant meiotic chromosome structure (33) .
To address whether cohesin might contribute to pairing of homologous interphase chromosomes and might therefore play a role in PSS, we employed a previously established transgenic combination of the Fab-7 PRE with a miniwhite reporter as a readout system for PcG-dependent PSS (Fig. 5B and Fig. S6D ) (34) . These reporter lines are uniquely suited for this test, because the PRE is flanked by FRT sequences allowing removal of the PRE sequence by Flp recombination, thereby excluding position-specific effects. As expected, silencing is not observed in heterozygous and homozygous animals if the Fab-7 PRE is absent (Fig. S6 A-C) . Moreover, Pc and Rad21 mutations do not change reporter gene expression in the absence of the Fab-7 PRE, excluding direct effects of these alleles on the transgene (Fig. S6B) . In contrast, homozygous animals with PREs show strong PSS, leading to almost complete silencing of the reporter. Importantly, silencing was partially relieved by crossing the reporter to different Rad21 alleles (Fig. 5 C and D) , demonstrating that Rad21, an essential subunit of the cohesin complex, contributes together with PRC1 to PSS.
Discussion
We report the identification of previously undescribed Pc-interacting proteins using a newly established protein tagging system, which is inducible in animals. Combinations of one-step capture with streptavidin, low stringency washes, specific elution, and detection of peptides using a highly sensitive LTQ-FT-ICR mass spectrometer enabled the identification of even labile and transient interactions. It has been well recognized that PcG and TrxG proteins exert their counteracting activities at the level of chromatin by employing various biochemical activities directed against histones, like methylation, acetylation, and chromatin remodeling (4). Indeed, our study reveals a substantial number of Pc-interacting proteins implicated in TrxG action. The genes encoding for Rdx, Ebi, CG1845, Rad21, and Fs(1)h have been shown genetically to belong to the TrxG suppressing PcG mutant phenotypes and activating HOX gene expression, for example. Additionally, Pp1-87B has been found to interact with Trx or its homologue MLL (35, 36) . These data indicate that Pc and specific members of the TrxG may physically cooperate to maintain the on/off state of genes.
So far, the DNA-binding proteins Zeste, Gaf, Pho, Dsp1, Sp1/ Klf family members, Psq, and Grh have been connected to PcG function on the basis of genetic interactions, biochemical copurification, functional assays, and/or colocalization on PREs. Here we find direct biochemical interactions of Grh and Pho with Pc. Moreover, we identified a Pc-interacting protein called Fs(1)h that might, as well, contribute to recruitment of PRCs to chromatin. Fs(1)h interacts strongly with Ubx, trx, and ash1 mutations and leads to homeotic phenotypes when overexpressed (20) . Fs(1)h is essential for development and conserved in mammals. Whether Pc is recruited by Fs(1)h or opposes its function in gene activation needs to be established. Beside the aforementioned DNA-binding proteins, Enok is a Pc interactor with a putative DNA-binding domain. Enok forms part of the MYST domain family of histone acetyl transferases (HATs), and mutants with defects in the HAT domain show retarded development and pupal lethality (37). Enok's HAT domain is conserved in the vertebrate Moz/Morf proteins. They typically form complexes comprising one protein per BRPF-, ING-, and EAF family member. In Drosophila, a Moz/Morf like complex may consist of Enok, CG1845 (homologue of Brpf1-3), and Eaf6 as all these proteins copurified with Pc and were detected with high confidence (Fig. 3) . Moz and Brpf1 are TrxG proteins required for HOX gene expression in vertebrates. Although MYST-domain-containing HATs have generally been associated with transcriptional activation, there are also examples with a link to HOX gene repression in Drosophila.
Our work uncovered a connection between Pc and the cohesin complex. Cohesin has been described in detail for its roles in mitosis and meiosis (26) , embracing sister chromatids in mitotic cells. Interestingly, mutations in Ph-p, Psc, and Pc have been reported to result in chromosome missegregation phenotypes in embryos (38) . Besides its traditional role in sister chromatid cohesion, cohesin has also been implicated in both activation and repression of transcription (28) . Furthermore, mutations in the Rad21 subunit of the cohesin complex strongly enhance TrxG (29) and suppress PcG loss of function phenotypes. Pc and cohesins are not colocalized on salivary gland chromatin, and removal of cohesin does not affect Pc binding. We cannot rule out that Pc is needed for recruitment of cohesin, however. For example, chromatin binding of cohesin in S. pombe depends on formation of heterochromatin, requiring another chromo domain protein, HP1.
A hallmark of PcG repression in flies is PSS, depending on pairing of homologous chromosomes in interphase chromatin (31) . It is known that multiple copies of a transgenic PRE interact with each other if inserted on the same or even on different chromosomes. Because cohesin plays a role in pairing of homologous chromosomes in meiosis and has been suggested to facilitate long-range DNA interactions, it may also facilitate PRE pairing. The transgenic reporter for PSS used in this study only showed PRE-dependent silencing upon PRE pairing. The observation that cohesin mutant alleles reduce PSS supports a model in which cohesins contribute to PRE pairing in interphase chromatin.
The identification of Pc-interacting proteins was made possible by employing the in vivo biotinylation system combined with highly sensitive mass spectrometric analysis, thereby preserving near physiological conditions for protein purification. The identification of substoichiometric levels of interacting proteins shows that in vivo biotinylation was effective in capturing even weakly or underrepresented associated proteins. Inducible biotinylation tagging is currently limited to the use of Gal4 drivers that trigger biotinylation well above the background levels. Generation of libraries of different UAS-BirA transgenic lines with less leaky expression and flies carrying BirA under direct control of tissuespecific promoters will further improve and expand this tool, making it a versatile system for proteomic and genomic studies in specialized cell types. As a major advantage over tissue-specific expression of tagged bait proteins, biotin tagging allows to express the bait protein under control of endogenous promoter sequences, whereas the induction of the BirA ligase can be independently induced via the Gal4/UAS system avoiding bait protein misexpression artifacts. This work opens the perspective for tissue-specific applications, potentially enabling a systems analysis on how protein networks can control subsets of genes in specialized cells.
Experimental Procedures.
Cloning of Pc-Bio and UAS-BirA. A linker encoding the TEV protease cleavage site, the BioTag, and Flag-tag was inserted in front of the Pc open reading frame in the genomic Pc-Pst1 fragment (15) . The genomic clone (3712 nucleotides) was PCR amplified and subcloned in two parts into pCRII-TOPO (Invitrogen) to generate an artificial SmaI-site in front of the stop codon for subsequent insertion of the Tag-linker. PCR oligo fragment PstI1-2225SmaI:Pc-BioI þ Pc-BioCtermII; PCR oligo fragment SmaI2226-3712PstI:Pc-BioCtermIII þ Pc-BioIV. Both fragments were cloned together in pCRII-TOPO via BamHI/SmaI to generate the full-length clone (pCRII-TOPO-PcCtermSmaI). Two Oligos encoding the epitope tag TevBioFlag were phosphorylated, annealed, and inserted into the SmaI cut pCRII-TOPOPcCtermSmaI. The linker containing Pc fragment was cloned via PstI into the Drosophila transformation vector pCaSpeR4. All constructs were verified by sequencing. BirA ligase cDNA pBS-BirA was obtained from J. Strouboulis (Erasmus Medical Center). BirA was cloned via BglII into the Drosophila transformation vector pUASp. In order to express Flag-tagged BirA in Drosophila, we PCR amplified pBS-BirA with oligos NotlFlag-BirA and BirA-Stop-Xba1 into the transformation vectors pUASp and pUASty. BirA lines are listed in Table S1 , and fly strains used in this study can be found in Table S2. PRC1 Purification. For PRC1 Purification, a large scale collection of 0-12 h embryos and preparation of nuclear extracts was performed essentially as previously described (39) , with the following modifications: Isolated nuclei were resuspended in 1 mL 15 mM HEPES pH 7.6, 110 mM NaCl, 5 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT and protease inhibitors per g embryos. One tenth of 4M ðNH 2 Þ 4 SO 4 pH 7.9 was added and nuclear proteins were extracted for 20 min on a roller. Clear supernatants without the top lipid layer were precipitated with 0.3 g∕mL ðNH 2 Þ 4 SO 4 and centrifuged at 15 k in a SS34 rotor. Pellets were dissolved in Dialysis buffer (DB, 30 mM Hepes pH7.6, 150 mM NaCl, 10 mM MgCl 2 , 0.2 mM EDTA, 1 mM DTT, 10% Glycerol, protease inhibitors (Complete, EDTA free Roche) and dialyzed twice for 2 h against the same buffer. 7.5 mg of nuclear extracts (NE) were incubated overnight with 120 μl of Streptavidin Sepharose 50% slurry (GE) supplemented with 0.1% NP-40. Bound material was washed 2x with DB-1 (0.1% NP-40), 2x with DB-2 (0.05% NP-40, 350 mM NaCl) and 2x with DB-3 (0.05% NP-40). Bound material was eluted from beads in 100 μl DB-3 supplemented with 1.5 μl TEV Protease (Invitrogen) at 16°C for 3 h on a roller. Eluates were acetone precipitated and pellets were dissolved in 1x LDS Sample Buffer (Invitrogen) prior to electrophoresis. For MS analysis, 7 IPs were combined and eluates were separated on a 4-12% Bis-Tris Gradient Gel (Invitrogen). Proteins were in-gel digested, peptides were extracted and cleaned on reverse phase C18 chromatography columns (Waters) prior to MS Analysis. Eluates were analyzed using a μRPLC-MS system (SI Text section S2). A detailed list of peptides identified can be found in Table S3 . Analytical gel filtration experiments were performed on a Superose 6 HR column (23.56 mL, 1 cm × 30 cm, GE Healthcare) as specified in SI Text section S3.
